We present a compact and flexible endoscope (3-mm outer diameter, 4-cm rigid length) that utilizes a miniaturized resonant/nonresonant fiber raster scanner and a multielement gradient-index lens assembly for two-photon excited intrinsic fluorescence and second-harmonic generation imaging of biological tissues. The miniaturized raster scanner is fabricated by mounting a commercial double-clad optical fiber (DCF) onto two piezo bimorphs that are aligned such that their bending axes are perpendicular to each other. Fast lateral scanning of the laser illumination at 4.1 frames∕s (512 lines per frame) is achieved by simultaneously driving the DCF cantilever at its resonant frequency in one dimension and nonresonantly in the orthogonal axis. The implementation of a DCF into the scanner enables simultaneous delivery of the femtosecond pulsed 800-nm excitation source and epi-collection of the signal. Our device is able to achieve a field-of-view (FOV xy ) of 110 μm by 110 μm with a highly uniform pixel dwell time. The lateral and axial resolutions for two-photon imaging are 0.8 and 10 μm, respectively. The endoscope's imaging capabilities were demonstrated by imaging ex vivo mouse tissue through the collection of intrinsic fluorescence and second-harmonic signal without the need for staining. The results presented here indicate that our device can be applied in the future to perform minimally invasive in vivo optical biopsies for medical diagnostics.
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nonlinear optical endoscopy | real-time optical diagnosis | scanning fiber endoscopy | microendoscopy | endogenous fluorescence M ultiphoton imaging techniques such as two-photon fluorescence (TPF) and second-harmonic generation (SHG) microscopy hold great promise for the future of medical diagnosis because of their potential to replace surgical biopsies with minimally invasive optical diagnosis of tissue health (1) (2) (3) (4) (5) (6) (7) . In a clinical setting, these diagnostic techniques will be capable of acquiring real-time, high-resolution, in vivo images without the need for contrast agents. However, a challenge in translating these beneficial imaging technologies into the clinic lies in successfully miniaturizing bulky tabletop microscope components into a compact probe without degrading the overall imaging performance of the system. These microendoscopes would not only have the potential to be used as diagnostic tools capable of early cancer detection, but could also be used for such applications as photodynamic therapy and microsurgery (8, 9) .
A number of groups have demonstrated miniaturized instruments capable of confocal, optical coherence tomography (OCT), TPF, and SHG imaging (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . The primary constituents of these devices are typically a miniaturized scanning mechanism and lens assembly that is encapsulated in a protective housing with dimensions suitable for minimally invasive procedures (i.e., a probe outer diameter on the order of a few millimeters with a rigid length of several centimeters). Within these microendoscopes, various distal miniaturized scanners have been demonstrated, including resonant-based [e.g., Lissajous (10, 11) or spiral (12) (13) (14) (15) (16) scan pattern] and non-resonant-based cantilever fiber scanners (16) (17) (18) (19) as well as microelectromechanical systems (MEMS) scanning mirrors (20) (21) (22) (23) (24) (25) . Of these scanners, the resonant-based spiral scanners are the most successful in terms of their miniaturized dimensions (e.g., o:d: ≈ 1 mm) and fast image acquisition speeds [e.g., 8 frames∕s with 512 × 512 pixels per frame, approximately 200-μm diameter field-of-view (FOV xy )] (14); however, these resonant devices are fundamentally limited by nonuniform spatial coverage and sampling time in comparison to current miniaturized raster scanners. Current miniaturized raster scanners are, however, limited in terms of their physical dimensions and/or scan speeds. Le Harzic et al. previously demonstrated a piezo-driven X-Y scanner (length ¼ 34 mm, width ¼ 1.9 mm) capable of a uniformly sampled FOV xy up to 420 μm by 420 μm, but this device is limited by its frame rate (i.e., 0.1 frames∕s with 512 × 512 pixels per frame) (19) . Slow image acquisition speeds are not ideal because of the motion artifacts typically faced in real-time in vivo clinical imaging environments. Additionally, although 2D MEMS scanning mirrors with miniature dimensions (e.g., 750 μm × 750 μm mirror size) have recently demonstrated fast line acquisition rates on the order of 1-3 kHz, the overall miniaturization of these MEMS scanners (i.e., their probe o.d.s) is limited by the die size of the actuator, which is typically 3 mm × 3 mm (24, 25) .
Here, we present an endoscope that utilizes a miniaturized resonant/nonresonant cantilever fiber raster scanner design that is compact (width∕thickness ≤ 1 mm, total length ≈ 2.6 cm), achieves ≥650 μm fiber-tip deflection for both the resonant and nonresonant axes, and allows for imaging at approximately 4.1 frames∕s (512 × 512 pixels). The fiber scanner's small dimensions enable it to be packaged along with a miniaturized high N.A. gradient-index (GRIN) assembly to form a compact and flexible TPF/SHG endoscope, with an outside diameter of 3 mm and a rigid length of 4 cm. The temporal pulse widths at different endoscope output powers were characterized as well as the imaging resolution of the device. Finally, we demonstrate that our multiphoton endoscope prototype is able to obtain ex vivo tissue images solely based on intrinsic fluorescence and SHG signal. These results show the potential for our endoscope prototype to be used as a real-time in vivo diagnostic tool for medical diagnostics.
Results and Discussion
Miniaturized Raster Scanner. The miniaturized fiber raster scanner is driven by high-performance two-layer piezoelectric actuators or bimorphs (T215-A4CL, Piezo Systems, Inc.). These bimorphs are suitable for the fabrication of a miniaturized scanning mechanism because of their small dimensions (e.g., width ¼ 0.5-1 mm, thickness ¼ 380 μm) and ability to achieve deflection on the order of hundreds to thousands of microns. In our device, two bimorphs are aligned such that their bending axes are perpendicular to each other and serve as the resonant and nonresonant drivers for the lateral X-Y scanning. A commercial doubleclad optical fiber (DCF SM-9/105/125-20A, NuFern) is mounted as a cantilever onto these axes and is driven resonantly in one dimension and nonresonantly in the other. The DCF has a core, inner cladding, and an outer cladding with diameters of 9, 105, and 125 μm, respectively. To determine the free hanging length of the DCF that would enable high speed resonant scanning on the order of 1 kHz, we used the following equation (26):
where E is the Young's modulus (silica), ρ is the density (silica), R is fiber radius, L is the fiber overhang length, and β is a constant that is dependent upon the boundary conditions of the cantilever and the vibration mode number. In our calculation, we use the boundary condition of a fixed-free cantilever beam and the zeroth-order vibration mode (β ≈ 3.52). From this calculation, we chose a fiber overhang length of approximately 9 mm for our scanner, which has a measured resonant frequency of 1.05 kHz, in close agreement with the theoretical prediction of 1.1 kHz. A 3-mm length piezo bimorph was sufficient to provide a fiber-tip deflection range of over 1 mm at a peak-to-peak drive voltage (Vpp) of 50 V. In order to achieve large nonresonant fiber-tip deflection, while minimizing the overall rigid length of the cantilever, we optimized the active length of the nonresonant piezo bimorph using the following equation:
where D is the nonresonant fiber-tip deflection (μm), c is a proportionality constant, L 1 is the free length of the nonresonant piezo bimorph, and L 2 is the total length of the resonant piezo bimorph and the overhang length of the optical fiber (i.e., 12 mm). Using this calculation as a guide, we chose a nonresonant piezo length of 14 mm, which theoretically predicted deflection up to 763 μm at 200 Vpp. Our current scanner is able to achieve approximately 650 μm nonresonant fiber-tip deflection at 200 Vpp. The underperformance in the deflection is attributed to the small lateral dimensions of the scanner, which will slightly reduce the electric field strength in the piezo due to the edge effect. Although the application of relatively high voltage to the piezo bimorphs is necessary for high fiber-tip deflection (i.e., 200 Vpp to achieve nonresonant fiber-tip deflection up to 650 μm), we note that the electrical current within these bimorphs is small, with estimated currents of 30 and 1 μA for the resonant and nonresonant bimorphs, respectively. It should be noted that in order to generate a purely linear fiber-tip motion in our resonant axis, we incorporated a small stiffening rod into the scanner to break the cylindrical symmetry of the optical fiber. Additionally, we note that our scanner has the ability to arbitrarily position the resonant axis line-scans in a direction orthogonal to the nonresonant axis by applying a dc offset voltage to the nonresonant bimorph. This may be of clinical use for measuring fast, dynamic physiological phenomena.
Three-Millimeter Outer Diameter Multiphoton Endoscope. The prototype miniaturized raster scanner has a width/thickness ≤1 mm, a total length of approximately 2.6 cm, and is capable of fiber-tip deflection of 1.0 mm × 0.65 mm. The small width and thickness of the scanner allow it to be packaged, along with a commercial multielement GRIN lens assembly (GT-MO-080-018-810, GRIN-TECH), into a waterproof stainless steel housing with an outer diameter of 3 mm and a rigid length of 4 cm. The 0.8-N.A. GRIN assembly has a total length of 7.62 mm and is protected by a 1.4-mm o.d. stainless steel housing. The miniature size of the scanner and lens assembly enable the distal end of the endoscope to have dimensions that are well suited for a minimally invasive probe. Fig. 1A shows a mechanical assembly diagram of the distal end, and Fig. 1B shows a photograph of the external protective housing that encapsulates the miniaturized scanner and lens assembly. Within the protective housing, the double-clad fiber tip is centered laterally and separated approximately 200 μm axially from the 1-mm diameter back aperture of the GRIN assembly (Fig. 1C) . For endoscopic imaging, a tabletop setup is used (Fig. 1D) ; see Materials and Methods for full setup details.
Pulse Characterization. We precompensate the fiber dispersion by imposing an appropriate quadratic chirp on the input pulses with a rotating cylindrical lens and grating (27) , which has the advantage of allowing continuous tuning of the second-order dispersion over a large range without perturbing the spatial alignment. Fig. 2A shows the second-order autocorrelation traces of the initial laser output as well as at 50-mW output from our endoscope. We are able to achieve a 290-fs pulse width at 50-mW output from the core of the DCF. The measured optical spectra are shown in Fig. 2B . The characteristic spectrum narrowing due to the optical nonlinearity and the normal dispersion of the fiber is clearly visible. Fig. 2C shows the measured pulse widths over a range of endoscope power outputs. These results are in close agreement with numerical simulations based on the nonlinear Schrodinger's equation (28) .
Optical Resolution. The lateral and axial resolutions of our device are characterized by the transmission image of a high-resolution United States Air Force (USAF) test target and the axial response of the two-photon excited fluorescence signal from a 500-nm thin film of Rhodamine B (RhB) dye, respectively. Fig. 3A shows a transmission image of a high-resolution USAF test target, where the smallest line-width group (group 9) is displayed. The group 9 elements have line widths ranging from 977 nm (group 9, element 1) down to 775 nm (group 9, element 3) and are all discernible in this image. Fig. 3B shows an inverted lineintensity profile across the vertical lines in group 9, element 1. Given the line widths of 977 nm and the measured peak-to-trough ratio of 0.46, we determine a one-photon lateral resolution of approximately 1.1 μm full width at half maximum (FWHM), which corresponds to a two-photon lateral resolution of approximately 0.8 μm (FWHM). Fig. 3C shows the intensity profile produced as a result of stepping a 500-nm RhB thin film axially through the focal plane of the endoscope prototype. The FWHM of the intensity profile is approximately 10 μm. Using the magnification of the endoscopic lenses (M ¼ 1∕4.8) and the measured mode field diameter (MFD) of the DCF (MFD ≈ 9.1 μm at 800 nm), the theoretical two-photon lateral and axial resolutions are approximately 0.8 μm (FWHM) and 9.4 μm (FWHM of the thin film response), respectively. The demonstrated lateral and axial resolutions should be sufficient for resolving subcellular details in biological tissues.
Scan Uniformity Characterization. A raster scan pattern is superior to a spiral or Lissajous scan pattern because of the uniformity in its spatial scan pattern and pixel dwell time throughout the sample. In order to demonstrate the high uniformity in our raster scanner, Fig. 4A shows a transmission image of a 400 line-pair per mm (LP/mm) Ronchi ruling, without any image processing. The large deflection range in the resonant scan is evident by the appearance of the black regions on the horizontal edges of Fig. 4A , which indicate that the fiber tip is scanning well past the 1-mm back aperture of the GRIN lens. The visible FOV xy that is contained within the GRIN lens is approximately 208 μm × 110 μm. We measured the line widths horizontally across the Ronchi ruling as shown in Fig. 4B . Over a horizontal range of approximately 110 μm, there is a line-width deviation of approximately AE7.5%. Thus, a uniform pixel dwell time over a reasonably large FOV xy (110 μm × 110 μm) can be achieved (dashed region within Fig. 4A ).
In the Ronchi ruling image (Fig. 4A) , it is apparent that the 1.25-μm-width vertical lines do not appear to be perfectly straight throughout the entire image. This imperfection is attributed to a slight variation in our scanner's resonant deflection, which is dependent upon the nonresonant scan position. Although it leads to image distortions if uncorrected, such an imperfection has negligible impact on the sampling uniformity of the scanner. We observe that the variation in the resonant axis deflection is consistent, stable and repeatable between frames for given drive parameters (i.e., drive frequency and applied voltage to the piezos). The repeatability of the scan pattern enables us to develop an image remapping algorithm to correct the original unprocessed Ronchi ruling image (see Fig. 4C for the corrected Ronchi ruling image), which can then be applied to correct subsequently acquired images (e.g., Fig. 4D ).
For comparison, the pixel dwell time of a typical spiral scanner is nonuniform with differences as high as 800 times between the center and periphery of the scan (14) . It is impractical to compensate for such large scan nonuniformities with power modulation because of the following factors: (i) To achieve equivalent two-photon excitation between the center and periphery of the spiral scan, the power at the periphery must be much higher (>10×) than that at the center; a single dispersion compensation setup cannot provide optimal compensation over such a large power variation because of the nonlinear pulse broadening effects within the optical fiber (see Fig. 2C ). (ii) The high power levels required at the periphery of the spiral scan will add significant cost and complexity to the laser source, and may preclude the use of fiber-based laser sources, which are widely considered to be an ideal source for use in the clinical setting because of their robustness, small footprint, and low cost.
Ex Vivo Intrinsic Fluorescence Imaging. An ideal optical diagnostic tool will acquire high-quality images with minimal frame averaging and without tissue staining or processing. The use of tissue staining, although common for ex vivo imaging (e.g., in the laboratory setting), is not ideal for many in vivo clinical imaging applications; therefore, we demonstrate the potential of our device to be used as an in vivo imaging instrument by acquiring intrinsic TPF/SHG signal from label-free ex vivo mouse tissue. Because of the raster scanner's highly uniform pixel dwell time, minimal frame averaging was necessary in order to obtain highquality images; see Materials and Methods for additional image acquisition details. Fig. 5A shows unaveraged ex vivo images of SHG from collagen fibers taken from a mouse tail at three representative depths within the tissue; see Movie S1 for full depth scan. In these images, individual strands are discernible. Fig. 5B shows unaveraged intrinsic fluorescence images of ex vivo mouse lung at different depths where anatomical details such as the alveolar walls and lumens are visible; see Movie S2 for full depth scan. Fig. 5C shows five frame-averaged images at three different axial depths of the two-photon excited intrinsic fluorescence from ex vivo mouse colon tissue; see Movie S3 for full depth scan. Mouse colon tissue consists of closely packed tubular glands (crypts) covered by a layer of columnar absorptive cells and mucus secreting goblet cells. The cellular structures in Fig. 5C represent the intrinsic fluorescence emitted from these epithelial cells. The morphological details present in the unstained images displayed in Fig. 5 indicate that our prototype shows potential for future clinical use. No tissue damage was observed during the course of the ex vivo imaging session, and the imaging conditions were comparable to those shown by other investigators to have negligible tissue mutagenicity (29) .
For comparison, we imaged two-photon excited intrinsic fluorescence from ex vivo mouse tissue using a commercial multiphoton microscope (Fluoview FV1000D, Olympus). Fig. 6 shows unstained images acquired from both systems at comparable depths within the tissue. This figure was obtained with comparable amounts of two-photon excited fluorescence at the sample per frame in each system. These images demonstrate that the multiphoton endoscope is capable of acquiring images of anatomical features that are similar in appearance to those obtained from a conventional multiphoton microscope.
Conclusions and Outlook. In summary, we have demonstrated a compact and flexible raster scanning microendoscope capable of acquiring TPF and SHG images at 4.1 frames∕s with a FOV xy of 110 μm × 110 μm. The uniform pixel dwell time across this field of view enables our prototype to obtain ex vivo tissue images solely from intrinsic fluorescence and SHG signal with minimal frame averaging. Though further experimentation is necessary to confirm the probe's effectiveness as a cancer diagnostic tool, the ability of our device to acquire subcellular resolution, label-free images at fast image acquisition rates shows great potential for translating our endoscope into a minimally invasive probe capable of real-time in vivo imaging in the clinical setting.
Materials and Methods
Endoscopic Imaging Setup. In this setup (Fig. 1D) , a mode-locked Ti:Sapphire laser (MaiTai, Newport) is used as the excitation source. The femtosecond excitation pulses at 800-nm wavelength are precompensated for fiber dispersion by using a rotating cylindrical lens and grating (28) prior to being coupled into the core of the 1-m-long double-clad optical fiber. The distal end of the DCF is mounted onto our resonant/nonresonant scanner, which sweeps the fiber tip in a raster pattern across the back aperture of the multielement GRIN lens assembly. The resonant axis is scanned at a frequency of 1.05 kHz, and the nonresonant axis is scanned at 4.1 frames∕s, enabling fast 2D lateral scanning. The GRIN assembly functions as a 0.8-N.A. water immersion objective with a measured 135-μm working distance and provides a 4 .8× demagnification (Fig. 1C) , see SI Text for additional details of the GRIN assembly working distance characterization. For TPF and SHG imaging, the excited signal is epi-collected through the GRIN assembly to the core and inner cladding of the DCF. Signal transmitted through the DCF is then reflected by a 705-nm dichroic beam splitter (FF705-Di01-25 × 36, Semrock) and delivered to a two-channel detection system composed of two ultra bi-alkali (R7600U-200, Hamamatsu) photomultiplier tubes (PMTs). A 405-nm dichroic beam splitter (Di01-R405-25 × 36, Semrock) is positioned in the emission path at 45°between the two PMTs to separate the SHG and autofluorescence imaging channels. The ex vivo images were acquired by rigidly mounting the endoscope, mounting tissue samples on a microscope stage, and manipulating the stage position at 5 μm to acquire images at different axial depths within the tissue. Image acquisition is done with the multiphoton microscope software MPScan (30) and stored as MPView files. MPView files are then exported to Matlab and the public domain program Image J for data analysis and image processing.
Mouse Sample Processing. Adult CD-1 mice were obtained from Charles River Laboratories (Charles River Laboratories International, Inc.) and euthanized by carbon dioxide asphyxiation. The organs of interest (a lung lobe and a segment of the colon) were dissected, visually inspected for abnormalities, and kept in chilled PBS until imaging. A normal-appearing deflated lung lobe was selected from a mouse and imaged at various depths, sampling the respiratory zone of the lung tissue (intact alveoli, see Fig. 5B ). A short (approximately 0.5-1 cm) segment of the mouse colon was obtained and cut open to allow direct imaging of the inner (epithelial) lining of the colon (see Fig. 5C ). In addition, collagen fibers were removed from a mouse tail (see Fig. 5A ). Each imaging sample was embedded in agarose gel, plated on a standard glass microscope slide, kept immersed in PBS, and imaged within 1 h of euthanasia. All animal housing and experimentation was performed in accordance with the animal welfare guidelines of the Institutional Animal Care and Use Committee. 
